Isothermal static compression of minerals (including elements) has been conducted by two different techniques: the X-ray diffraction methods for powdered specimens, and the dilatometric methods for polycrystalline aggregates and single-crystal specimens. The X-ray diffraction methods have been used for a study of milligram-size powdered crystalline samples, and the dilatometric methods have been used exclusively for static compression studies of rocks and aggregates.
A variety of designs for X-ray diffraction highpressure cells are currently in use in the United States. Barnett and Hall, 1964] . Recent advances in X-ray techniques are summarized by McWhan [1969] . Accuracies of ±0.1% in Thomas J. Ahrens is with the California Institute of Technology, Seismological Laboratory, Pasadena 91109. Taro Takahashi was with the Seismological Laboratory, California Institute of Technology, when this report was prepared: he is now at the Department of Earth and Environmental Sciences, Queens College, CUNY, New York 11367. lattice parameter and, hence, of ±0.3% in volume, under high pressures, have been attained by these methods.
The pressures imposed on powdered specimens in these high-pressure cells are determined by using 'pressure markers' or internal pressure standards such as NaCl or Al for which the pressure-volume (P-V) isotherm are assumed to be known. Drickamer et al. [1966] use Ag, Al, Mo, Nb, Pd, or V as a standard. The isotherms for these materials were obtained from the reduced Hugoniot data of Rice et al. [ 1958] . Other investigators prefer NaCl, since its equation of state has been extensively studied by shock, static, and ultrasonic methods. The pressure indicated by the lattice parameters of the internal pressure standard, which is mechanically mixed with the sample, is often assumed to be equal to the pressure applied on each grain of the sample. In certain cases, e.g., NaCl and Nb metal powder compressed between Bridgman-type tungsten carbide anvils, Jamieson and Olinger [ 1968a, b] have shown that this assumption is not always valid. Hence, care must be exercised to assure that complete flowage of the pressure medium around each sample grain has occurred when performing X-ray experiments.
The 25 C isotherm of NaCl has been calculated up to several hundred kilobars by Decker [1965, 1966] using the Mie-Griineisen equation and the Born-Mayer interionic potential, by Perez-Albuerne and Drickamer [1965] and Weaver etal. [1968] using the Hildebrand equation and the; Born-Mayer type interionic potential, and by Thomsen [1970] using a fourth-order anharmonic equation derived from the finite strain theory. This isotherm has also been calculated by Christian [1957] and Fritz et al. [1968] from Hugoniot data for NaCl. (The Hugoniot data of Christian and Fritz et al. agree with those of AVtshuler et al. [1961] and Hauver and Melani [1970] .) With the exception of Decker's isotherm, the theoretical 25°C isotherms, the isotherms of Perez-Albuerne et al. and Weaver et al., and those reduced from Hugoniot data agree to within about 10 kb at 300 kb. Decker [1965, 1966] used a bulk modulus value of 234.2 kb (25°C) instead of the current best value of 237.5 ± 1.5 kb. If his equation is corrected for the initial bulk modulus, it yields P-V relations that are in agreement with the others. The new isotherms for NaCl also agree with the 100-kb static compression data of Bridgman [1945] .
The P-V relationship for NaCl can also be compared with the fixed points in the pressure scale established by using such first-order phase transformations as those in Bi, TI, and Ba. The phase transformation pressures for those materials have been accurately determined by Kennedy and LaMori [1962] , Heydemann [1967] , Hay garth et al. [ 1967] , and Hay garth et al. [ 1968] ; the volumes of NaCl at these transformation pressures have been determined by Jeffery et al. [1966] up to 80 kb.
Weaver et al. [1968] have shown that the fixed points pressure scale agrees with the NaCl isotherm within the experimental and calculational uncertainties. The consistency of the pressure scale was tested by determining the isotherm for MgO with X-ray techniques by McWhan [1967] up to 120 kb and by Weaver et al. [1968] up to 280 kb. Since MgO compresses to a V/V 0 value of 0.87 at 300 kb, a reliable compression value for MgO can be computed with the Birch-Murnaghan or Murnaghan equations using the bulk modulus K 0 and K 0 ' (=(dK/dP)f evaluated at zero pressure) measured ultrasonically in single crystals [Anderson and Andreatch, 1966; Spetzler, 1970] . The NaCl isotherm calculated by the above investigators is consistent with the MgO isotherm within the experimental uncertainties up to 280 kb, the highest pressure tested. On the basis of the experimental and the theoretical evidence, it is not yet possible to determine which of the currently available isotherms for NaCl is most reliable. Thus, at present, the NaCl pressure scale for room temperature appears to be known within ±3% in pressure up to 300 kb. Above 300 kb NaCl transforms to a high-pressure polymorph having a simple cubic B2, or CsCl structure . More refined measurements of the elastic properties of NaCl, as well as improvement in the theories on the effect of pressure and temperature on the Gruneisen parameter, are necessary for further improvement of the pressure scale. Recent progress in high-pressure standards and calibrations are reviewed by Decker etal. [1969] .
The Murnaghan trajectory for Au calculated by using the K 0 and K 0 ' values of Barsch and Chang [1967] was used as a standard in dilatometric compression measurements by Vaidya and Kennedy [1970] and others. Grover [1970] compared the isothermal compression data of Vaidya and Kennedy [1970] for eighteen metals to 45 kb with the 25°C isotherms reduced from the available shock Hugoniot data. He concluded that the static compression data of Vaidya and Kennedy, the sound velocity data, and the shock Hugoniot data are mutually consistent within 2% in pressure up to 45 kb. The P-V relationships for Au and NaCl, which are used as the standdards for static compression measurements, appear to be consistent with those determined from the shock and ultrasonic data.
A symposium on measurements of high-pressure environment was held in October 1968 under the sponsorship of the U.S. National Bureau of Standards and the Geophysical Laboratory, Carnegie Institution of Washington. The highlights of this symposium are briefly described by Lloyd et al. [1969] , and the complete proceedings are currently in press.
McWhan [ 1967] determined the effect of pressure on the lattice parameters of a-quartz at room temperature up to 150 kb, using a Bridgman carbide anvil highpressure cell and the Guinier focusing geometry for X-ray diffraction. Bassett and Barnett [1970] measured the effect of pressure on the lattice parameters of synthetic coesite and stishovite up to 85 kb, using a tetrahedral press X-ray diffraction apparatus. Liu et al. [1969] measured the effect for synthetic stishovite up to 220 kb, using a diamond-anvil press and the DebyeScherrer X-ray diffraction geometry.
Mao et al. [1969] studied the effect of pressure on the lattice parameter of wustite (Fe 0 .9 2 4O), the spinel (7) phase of Fe 2 Si0 4 , (Fei . 8 Mg 0 . 2 )Si0 4 , and (Fe!. 6 Mg 0 . 4 )SiO 4 up to 255 kb at room temperature using a diamond anvil X-ray diffraction camera . The bulk modulus value of 2.0 ±0.1 Mb calculated for these three spinels (7(Fe,Mg) 2 Si0 4 ) is consistent with the recent ultrasonic measurements by Mizutani et al. [1970] . The spinel phase of Ni 2 Si0 4 was also studied by Mao et al. [1970] up to 300 kb, and a bulk modulus value of 2.14 ± 0.07 Mb was reported.
Solid solutions of almandite (Fe 3 Al 2 Si 3 Oi 2 )-pyrope (Mg 3 Al 2 Si 3 Oi 2 ) were investigated by Takahashi and Liu [1970] up to 328 kb at room temperature, using a diamond anvil X-ray diffraction camera. A systematic increase in the bulk modulus with increasing Mg content was observed and a thermodynamic relationship between the bulk modulus and chemical composition was reported.
Mao et al. [1967] studied the compression of pure iron up to 300 kb at room temperature, using a diamond anvil X-ray diffraction camera. The volume change associated with the bcc-hcp phase transformation was determined to be -0.34 ± 0.01 cm 3 /mole. This change is nearly twice as large as reported on the basis of the earlier Hugoniot data. The bulk modulus for the high-pressure hep phase was experimentally indistinguishable from that of the low-pressure bcc phase. Silberman [1967] studied the effect of pressure on Fe-7.2%Si alloy and FeSi 3 up to 290 kb at room temperature, and Takahashi et al. [1968] studied the effect of pressure on Fe-5%Ni and Fe-10%Ni alloys up to 308 kb at room temperature. The effect of pressure on the bcc-hcp phase transformation in iron alloys, and the effect of the alloying elements on the bulk moduli, in both structures are discussed.
Drickamer and his associates have conducted an extensive survey of the effect of pressure up to 300 kb at room temperature on the lattice parameters of numerous compounds, using a supported carbide anvil high-pressure cell and Debye-Scherrer geometry [ 1966] .
The effect of pressure on the lattice parameters of the aPb0 2 phase of Ti0 2 was investigated by Jamieson and Olinger [1968a, b] up to 200 kb at room temperature, using a Bridgman anvil cell and Debye-Scherrer X-ray diffraction geometry. An increase of the dimension of the unit cell along the c axis with pressure was observed up to 120 kb, whereas little change was observed in the a axis dimension.
Barnett et al. [1969] investigated the effect of pressure on NaN0 3 , using a tetrahedral anvil X-ray diffraction apparatus [Barnett and Hall, 1964] and determined the linear and bulk compressibilities up to 85 kb. They observed anomalous line intensity changes near 45 _kb. This change was attributed to a transition from R3c space group to R3c with no measurable discontinuity in volume. They infer that this higherorder transition represents rotation of the nitrate groups in alternate layers along the trigonal axis in opposite directions with increasing pressure. At high pressures the nitrogen positions are no longer planar with the oxygen atoms. Although the analogous change in atomic arrangements has not been experimentally demonstrated in silicate minerals, it is likely to occur with compression. If this type of rotation occurs, it would greatly affect the bulk modulus of silicates at high pressures.
Brace et al. [1969] determined the isothermal compressibility of kyanite, andalusite, and sillimanite by using a strain gage method [Brace, 1964] in a hydrostatic medium up to 10 kb and a solid medium piston-cylinder apparatus [LaMori, 1967] up to 40 kb. The specimens studied were all hot pressed aggregates of (1:1) silicate/Cu or silicate/Pb mixtures. The compressibility values of the silicate specimens were obtained by subtracting the effect of the Cu or Pb matrix from the bulk compression for the mixture. They obtained a compressibility value of 0.77 ± 0.04 Mb" 1 for all three materials at 1 bar and 25°C and could not detect the significant differences between these minerals. [1970] measured the effect of pressure on the volume of eighteen metals up to 45 kb at room temperature, using a piston-cylinder apparatus and Au as the standard. A precision of 0.0005 in V/V 0 for less compressible materials and of 0.0015 in V/V 0 for more compressible materials were achieved. Differences of up to 10% between their initial compressibility values and the values obtained by Bridgman [1940, 1949] were found.
Vaidya and Kennedy
LaMori [1967] obtained static compression data for twenty rocks and minerals up to 36 kb in a temperature range of 22 to 450°C using a piston-cylinder apparatus with Au or Pb as the pressure medium. The results of these experiments give significantly lower compressibilities than were obtained by means of other experimental methods, such as the pulse-echo ultrasonic method up to 10 kb. Such differences were attributed to the existence of pores in specimens at 10 kb.
Stephens and Lilley [ 1968] have measured the static compression of Apollo 11 lunar crystalline rock, microbreccia, and dust specimens up to 40 kb, using a piston-cylinder apparatus. They found that the intrinsic compressibility for the lunar dust is about 1.28 Mb and is similar to that for quartz and feldspar. Schreiber et al. [1970] investigated static compression behavior for a vesicular fine-grained crystalline rock collected on the Apollo 11 mission, using a hydrostatic apparatus [Brace, 1965] to 6 kb. They found that the compressibility value for this rock specimen, 1.98 Mb -1 at 5 kb, is closer to acidic rocks than to basic rocks.
Dynamic Compression
In the area of shock compression, notable advances in the use of high-performance light gas, compressed gas, and propellant gun technology to launch shock generating flyer plates, at speeds that are difficult to achieve with high explosives (below 2 km/sec and above 5 km/sec), has taken place [Jones et al, 1966 [1967a] , and Linde and DeCarli [1969] . All but the data for four oxides, A1 2 0 3 , MgO, Sn0 2 , and Mn0 2 , of the more than twenty silicate rocks, silicate minerals and oxides, and mixed oxide compounds tested show convincing evidence for shockinduced transitions to one or more denser phases or phase assemblages. Typically, the silicates display three distinct regimes along the Hugoniot: a low-pressure regime in which the Hugoniot represents states in the untransformed material and in which correlations with low-pressure ultrasonic data are possible; a mixed phase regime representing shock states that comprise a mixture of initial and transformed (high-pressure phase) minerals; and a high-pressure regime characterizing the equation of state usually of a denser high-pressure phase or phases. 1970] , are of special significance to the study of the earth's interior. From the high-pressure data for these dunites McQueen et al [19676] constructed metastable Hugoniots that bracketed the seismologically determined density-depth profiles in the lower mantle. This and an earlier correlation of the densities of the high-pressure oxide and silicate shock data with the density of the lower mantle by Birch [ 1964] have motivated intensive analytic study of these data.
Because the high-pressure phase Hugoniot data are available, in most cases in the range of 400 to over 1000 kb, and hence, display substantial compressions, the use of at least a third-order equation of state relating Helmholtz free-energy and volume, centered at ambient pressure, is appropriate. To construct such an isothermal or isentropic equation of state, a minimum required set of three parameters would be the zero pressure density p 0 and the appropriate bulk modulus K 0 at constant entropy or temperature, and the pressure derivative of K, K 0 '. With the usual availability of only 4 to 15, or so, data points, and with the experimental scatter taken into account, the data set is not, in general, capable of
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independently yielding three parameters with acceptable uncertainties. (Of the class of silicates and oxides that undergo a shock-induced phase change, only for Si0 2 (stishovite) are the zero pressure density and other thermodynamic properties measured.) Additional constraints to the equation of state of the high-pressure phases, relating the zero pressure bulk modulus K 0 employed a similar approach, but the p 0 -K 0 constraint was applied to the calculated highpressure phase isentrope and phase transition energies were separately estimated from thermochemical data. They inferred transformations to the following probable crystal structures (on the basis of the calculated zero pressure densities, the densities of silicates and of analog compound phases quenched from high pressure, and from crystal-chemical arguments): MgAl 2 0 4 (spinel) to calcium ferrite structure, feldspars to hollandite structure, olivines to strontium plumb ate structure, pyroxenes to ilmenite structure, kyanite, silliaminite, and andalusite to corundum plus stishovite, aFe 2 0 3 (hematite) to the perovskite structure, and Ti0 2 (rutile) to fluorite structure. Linde and DeCarli [1969] ). To reduce Hugoniot data to other forms of the equation of state such as isotherms, isentropes, or, for phase changes, metastable Hugoniots, knowledge of the Grtineisen parameter, y = V(dP/dE)y, and its variation with volume, and possibly internal energy (is), is required. For cubic metals at temperatures below those at which electronic specific heat must be taken into account (e.g., 10,000°K), and above the lattice Debye temperature, the formalism developed by Pastine and Forbes [1968] can be applied. Their development permits calculation of 7 as a function of V, directly from the Hugoniot data and supplementary data on specific heat, thermal expansion, and elastic constants (and derivatives of elastic constants with pressure). Where minerals do not undergo phase changes, the Hugoniot data may also be reduced by calculating the initial Griineisen ratio from thermochemical data and determining its initial variation with compression from the thermodynamic formulas given by Bassett et al [1968] . The results obtained by Wang [ 1968] , Ahrens etal [ 1969a], Carter et al [ 1968] , and Grover [ 1970] demonstrate that, where a phase change does not occur, the variations in the equation of state obtained from different assumptions regarding how 7 decreases with volume, are minor. Anderson [1968] has compared the variation of 7 obtained from several theories. Where there is a shock-induced phase change in a mineral, with the exception of stishovite [Ahrens et al., 1970] Recently, some measurements of isentropes, centered at high pressure, i.e., adiabatic release curves, have been performed by novel shock-wave techniques. Such data are useful in porous rocks, such as in tuff [Lysne, 1970] and weathered tonolite [Petersen, 1970] . Release isentropes in such crystalline materials as plagioclase [Ahrens et al, 1969b] and quartz [Ahrens and Rosenberg, 1968] have also been reported. Another area of recent activity has been the study of dynamic yielding under shock compression. A host of interesting and challenging problems remain in this, <100-kb regime. Data for various oxides and silicates have been reported
